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Prominent conceptual models characterize schizophrenia 
as a dysconnectivity syndrome, with recent research focus-
ing on the contributions of the cerebellum in this frame-
work. The present study examined the role of the cerebellum 
and its effective connectivity to the cerebrum during sen-
sorimotor synchronization in schizophrenia. Specifically, 
the role of the cerebellum in temporally coordinating cere-
bral motor activity was examined through path analysis. 
Thirty-one individuals diagnosed with schizophrenia and 
40 healthy controls completed a finger-tapping fMRI 
task including tone-paced synchronization and self-paced 
continuation tapping at a 500 ms intertap interval (ITI). 
Behavioral data revealed shorter and more variable ITIs 
during self-paced continuation, greater clock (vs motor) 
variance, and greater force of tapping in the schizophre-
nia group. In a whole-brain analysis, groups showed robust 
activation of the cerebellum during self-paced continua-
tion but not during tone-paced synchronization. However, 
effective connectivity analysis revealed decreased connec-
tivity in individuals with schizophrenia between the cerebel-
lum and primary motor cortex but increased connectivity 
between cerebellum and thalamus during self-paced con-
tinuation compared with healthy controls. These findings 
in schizophrenia indicate diminished temporal coordina-
tion of cerebral motor activity by cerebellum during the 
continuation tapping portion of sensorimotor synchroniza-
tion. Taken together with the behavioral finding of greater 
temporal variability in schizophrenia, these effective con-
nectivity results are consistent with structural and tempo-
ral models of dysconnectivity in the disorder.
Key words:  psychosis/cerebellum/finger 
tapping/effective connectivity/basal ganglia/fMRI
Introduction
Schizophrenia has long been identified as a dysconnectiv-
ity syndrome, beginning with Bleuler’s conceptualization 
of a “fragmented phrene”1 and Stransky’s intrapsychic 
ataxia theory,2 both of which theorized a dyscoordina-
tion of the motor and cognitive processes in the disorder. 
Andreasen’s3 cognitive dysmetria theory extended these 
conceptualizations by suggesting a neural mechanism by 
which such processes occur, namely disruption to the cor-
tico-cerebellar-thalamic-cortical circuit (CCTCC). In this 
circuit, the cerebellar node plays a primary coordinative 
role.4 Explicit examination of the function of the cerebel-
lum in this circuit is important because many large-scale 
studies of neural connectivity exclude the cerebellum,5,6 
which is known to be interconnected with cerebrum7,8 and 
contains an upward estimate of 80% of the brain’s total 
neurons.9 Calls from the NIMH to add a “motor sys-
tems” domain to the Research Domain Criteria (RDoC) 
matrix underscore the importance of understanding 
neural mechanisms contributing to motor impairment 
in psychopathology.10 The present study assessed neural 
dysconnectivity in schizophrenia within the CCTCC dur-
ing a sensorimotor task.
Sensorimotor timing tasks are well suited to inves-
tigations of neural dyscoordination, and the process-
ing circuits involved have been well characterized.11,12 
Cerebellum, cortical (primary motor [M1], supplemen-
tary motor, and prefrontal cortices), and subcortical 
(caudate, putamen, and thalamus) structures have been 
implicated broadly in motor and perceptual timing and 
integration.13–15 Lesion studies point to critical contribu-
tions of the cerebellum and basal ganglia14 as a distrib-
uted timing network for subsecond, discrete, rhythmic 
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timing. Moreover, basal ganglia and cerebellar projec-
tions converge on subregions of the thalamus, before 
projecting to M1.16
In sensorimotor synchronization finger-tapping—
wherein participants synchronize tapping with a tone 
and then attempt to maintain the same pace after the 
tone discontinues—the cerebellum is more activated dur-
ing the self-paced continuation portion compared to the 
stimulus-cued synchronization portion. Such findings 
demonstrate the cerebellum’s function as a timekeeper or 
internal “clock,”17 in which cerebellar-generated tempo-
ral representations putatively drive cerebral motor areas 
to maintain internal temporal representations, thereby 
maximizing task performance. Research on the neural 
substrates of this form of sensorimotor synchronization 
has shown predominant cerebellar involvement, and the 
cortico-cerebellar circuit, in tasks of automatic, subsec-
ond timing.18–21
The basal ganglia, specifically the putamen, is also a 
key structure in interval timing tasks, including senso-
rimotor synchronization,11,13 and is heavily integrated 
with the cerebellum during time estimation and motor 
output in both the subsecond and second range.11,22 The 
thalamus is also crucial for sensorimotor integration.23 
Involvement of subcortical structures in this timing cir-
cuit has been likened to a “coincidence detection” sys-
tem24 that integrates sensory inputs and motor outputs 
and facilitates coordinated communication between cer-
ebellar and cerebral structures.
In addition to their critical roles in the timing circuit, 
deficits in the cerebellum, basal ganglia, and thalamus, 
and the interconnectivity between these regions have 
been identified in schizophrenia. Cerebellar volume, sym-
metry, and function are abnormal in schizophrenia.4,25–29 
Cerebellar soft signs have been reported in schizophre-
nia,30 including medication naïve participants,26,31 suggest-
ing these deficits are features of the underlying disorder 
rather than effects of medication. Moreover, neurological 
soft signs predict abnormal white matter development in 
the cerebellar-thalamic tract in individuals at ultra-high 
risk for schizophrenia.32 Findings of dopamine-dysregu-
lation and motor dysfunction in schizophrenia also impli-
cate dysfunction in the basal ganglia and its connections.33 
In schizophrenia, studies have revealed decreased basal 
ganglia activation that was associated with both positive 
symptoms and motor deficits.34 Altered functional con-
nectivity during motor tasks, where decreased posterior 
putamen activation was associated with decreased tha-
lamic activation, has also been reported.35 During time 
estimation and frequency discrimination tasks, thalamic 
and putamen activation was decreased in individuals with 
schizophrenia, with hypoactivity in thalamic and striatal 
regions observed with increased task difficulty.36 Finally, 
disturbances in thalamocortical connectivity have been 
reported between the motor and sensory regions in 
individuals with schizophrenia37,38 and those at high risk 
for the disorder.39
Taken together, there is evidence that sensorimotor 
synchronization and continuation finger tapping engages 
discrete, rhythmic timing processes involving cerebellum, 
basal ganglia, and thalamus13,14,40 and that these same 
regions are implicated in schizophrenia. However, despite 
evidence of robust behavioral impairments in schizophre-
nia on this sensorimotor synchronization task, the neural 
correlates of these deficits have not been investigated.
The present study utilized a sensorimotor synchroniza-
tion task to, for the first time, determine the neural cor-
relates of sensorimotor timing deficits in schizophrenia, 
including the connectivity of the cerebellum to the cere-
brum. The following predictions were made: First, that 
individuals with schizophrenia would exhibit increased 
tapping variability and a shorter ITI, consistent with 
previous findings.41 Second, that the task itself  would 
activate M1, cerebellum, basal ganglia, and thalamus, 
as evidenced by blood-oxygen-level dependent (BOLD) 
response.13,14 Third, that individuals with schizophrenia 
would show decreased cerebellar activation compared 
with the healthy control group, which would further be 
correlated with their task performance. Fourth, the schiz-
ophrenia group would exhibit impairments in effective 
connectivity during the task within the theorized timing 
circuit, with hypoconnectivity between the cerebellum 
and cerebral motor regions and subcortical structures (ie, 
thalamus and basal ganglia), suggesting temporal dysco-
ordination. Finally, exploratory analyses examined neu-
ral, cognitive, and symptom correlates.
Materials and Methods
Participants
Participants were recruited from local community and 
inpatient clinics in Bloomington and Indianapolis, IN. 
All procedures were approved by the Indiana University 
Institutional Review Board. Written, informed consent 
was provided by 42 healthy controls and 33 individuals 
with schizophrenia or schizoaffective disorder (SZ) as 
diagnosed by DSM-IV. Forty controls and 31 SZ partici-
pants were retained for analyses (see table 1 and exclusion 
information below).
Clinical Assessment
Participants were administered Structured Clinical 
Interviews for DSM-IV Criteria for Axis I  and Axis II 
disorders (SCID-I Patient45 or Non-Patient Version46 
and SCID-II47) and other clinical measures to establish 
the diagnosis and clinical state (supplementary material). 
A urine drug screen confirmed that participants were not 
using illicit substances. Participants completed cognitive 
measures shown in table 1.
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Sensorimotor Synchronization Finger-Tapping Task
Participants underwent three consecutive sessions of a 
6-minute functional magnetic resonance imaging (fMRI) 
scan during a sensorimotor synchronization finger-tap-
ping task, including 6 blocks of the following sequence: 
6-second synchronization tapping, 20-second continua-
tion tapping, 6-second listen, and 15-second rest periods. 
Participants tapped with their right index finger (SZ: 7 
left-handed, 2 ambidextrous; HC: 2 left-handed, 3 ambi-
dextrous) on a handheld tapping pad with a 1.5 cm diame-
ter force sensor. Handedness did not impact behavioral or 
neuroimaging findings (supplementary material).
Behavioral Analyses
Mean and variability of consecutive tapping intervals, 
and tapping force were analyzed. Variability was ana-
lyzed as the coefficient of variation (ie, SD divided by the 
mean within subjects). Participants with at least 8 syn-
chronization ITIs and 30 continuation ITIs were included 
in the analysis to ensure adequate statistical power. 
Accordingly, 2 SZ and 18 controls were excluded, for a 
final sample of 31 SZ and 24 controls for these analyses.
Wing–Kristofferson48 (W-K; cf,41) analysis was per-
formed to parse clock timing variance and motor exe-
cution variance from total behavioral tapping variance 
(supplementary material). A threshold of at least 10 con-
secutive error-free taps in 10 consecutive trials within the 
continuation-tapping block resulted in 6 SZ and 8 con-
trols being excluded from this analysis.
Magnetic Resonance Imaging (MRI) Acquisition
Data acquisition was carried out on a Siemens 3T 
Magnetom Trio-Tim Scanner. Functional scans were 
acquired using a single-shot echo-planar-imaging 
(SS-EPI) sequence with a 12-channel head coil [repeti-
tion time (TR) = 2500 ms; echo time (TE) = 30 ms; 40 
transverse slices; slice thickness 3.2  mm; field of view 
(FOV)  =  220  ×  220  mm2; imaging matrix  =  96  ×  96; 
in-plane voxel size = 2.3 × 2.3 mm2]. T1-weight anatom-
ical scans were acquired with a 32-channel head coil, using 
an 8-minute magnetization prepared rapid gradient echo 
(MP-RAGE) sequence [TR  =  1800  ms; TE  =  2.67  ms; 
TI = 900 ms; FOV = 256 × 256 mm2; 160 slices in sagittal 
plane; flip angle 9°; voxel size = 1 × 1 × 1 mm3].
MRI Preprocessing and Analysis
Preprocessing of T1-weighted MRI was performed 
using FSL toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fsl-
wiki). T1-weighted MRIs were normalized to Montreal 
Neurological Institute (MNI) space, in which the linear 
transformation was conducted using FLIRT49,50 and non-
linear transformation using FNIRT.51,52 Structural scans 
were resampled to MNI152 space using FSL (function 
applywarp). Data preprocessing and analysis of func-
tional data was done with SPM12 (http://www.fil.ion.ucl.
ac.uk/spm/software/spm12). Preprocessing included slice 
timing correction, motion correction, coregistration, seg-
mentation, spatial normalization, and spatial smoothing 
[6 mm full width at half  maximum (FWHM)].
First-level, whole-brain analysis followed a block-design 
general linear model (GLM) including 36 regressors–5 
block (eg, synchronization, continuation, rest) and 6 
motion parameters for each scan session plus 3 total ses-
sion parameters. Covariates of age and sex were added to 
this model because of known effects on the cerebellum and 
brain size. The output of this model was a BOLD map. 
Activation was defined as the t-values of this BOLD map. 
Two main contrasts were computed: Synchronization 
(Tone-Paced Tapping minus Rest) and Continuation (Self-
Paced Tapping minus Rest). An additional 2 post hoc 
contrasts were also computed (supplementary material). 
Generated contrast maps were used to compute 2-sample 
t-tests (control vs SZ) for second level analyses. Motion 
was assessed using methods described by Power and col-
leagues53; a threshold of frame-wise displacement of 2 mm 
in 10% or more scans was set, and 2 subjects per group 
were excluded for a final sample of 31 SZ and 40 controls.
Table 1. Values for Sex and Ethnicity Reflect Frequency; Values for Age, WASI, and WAIS Represent Mean and SD
Participant Demographics
Healthy (n = 40) Schizophrenia (n = 31) Statistics (t or χ2) P-value
Sex (male/female) 19/21 20/11 2.043 .153
Ethnicity (C/A/H/O) 33/5/0/2 13/15/1/2 13.884 .003
Age (years) 38.9 (9.4) 36.7 (10.7) 1.073 .340
WASI42
 FSIQ 115.2 (10.9) 100.3 (16.8) 4.222 <.001
 Vocabulary 59.0 (7.7) 48.9 (12.7) 3.820 <.001
 Matrix reasoning 59.5 (12.7) 51.3 (9.7) 2.951 .004
WAIS43
 Digit-symbol44 12.5 (2.8) 7.8 (2.6) 7.122 <.001
Note: WASI, Wechsler Abbreviated Scale of Intelligence; FSIQ, Full Scale Intelligent Quotient; WAIS, Wechsler Adult Intelligence Scale; 
C, Caucasian; A, African American; H, Hispanic; O, Other. Italics indicate P-values that met a significance threshold of P < 0.05.
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Contrast weights, or beta weights from the continuation 
contrast, were extracted for individual subjects in regions 
of interest (ROIs) defined by a 3 mm sphere around maxi-
mum peak voxels of interest (VOIs) in cerebellar lobule V, 
thalamus, putamen, and M1 (coordinates in table 3). ROIs 
were selected based on (1) previous findings and (2) theo-
retical models of timing and sensorimotor synchronization. 
Specifically, data suggest the critical role of the cerebellum 
in generating self-paced, subsecond timing cues17–20 and M1 
serves as a primary generator of the output response.13,14 
Crucial for the synchronization of these cues is the thala-
mus, through which cerebellum and M1 are anatomically 
connected.16,23,24 Finally, putamen serves as a relay station 
within this circuit to modulate thalamic signals.11,13,54,55 
Relevance of these structures in the schizophrenia litera-
ture4,26,33,36,38,39,56–58 and observed activations from the whole 
brain analysis further confirmed the suitability of these 
ROIs for these analyses. Extracted weights were used in cor-
relational and path analyses, performed using SPSS (24.0, 
IBM Corporation) and AMOS (23.0, IBM Corporation).
Effective Connectivity Models, Analyses, and 
Correlations
Extracted continuation contrast weights, as defined 
above, were used to assess effective connectivity. Effective 
connectivity was defined, according to Lindquist,59 as the 
change in activity in one ROI as influenced by another 
ROI, averaged across a given time interval. Though these 
models indicate a causal relationship between these ROIs, 
the directionality is determined a priori and is not derived 
from the data itself. Individual subjects’ beta weights 
from these ROIs were input into a predefined model 
(figure 2). Multigroup path analysis was used to generate 
path coefficients, or “connectivity,” between ROIs of the 
tested models and to compare models between groups. 
Two models were evaluated: a conceptual, causal model 
of covariation between (A) cerebellum, M1, and thal-
amus and (B) cerebellum, thalamus, and putamen. The 
directionality of model A was determined based on the 
functional conceptualization of the cerebellum as an os-
cillatory pacemaker, which prompts M1 with timing cues 
during continuation tapping.11,13,18,60 This model allowed 
us to test the hypothesis that cerebellar activation dur-
ing continuation tapping would be more closely related 
to the intended target of the timing signal (M1) than 
to the relay node (thalamus), for these signals as they 
travel to cortex61 in healthy compared to schizophrenia 
participants. Model B allowed us to test the hypothesis 
that in healthy controls compared to the schizophrenia 
group cerebellar activation during continuation tapping 
would be more closely related to activation within the 
“coincidence detection loop,” thalamus and putamen, 
hypothesized to regulate the integration of motor and 
clock processes and facilitate error detection.13,14,60,62 
Exploratory correlational analyses were conducted be-
tween the following 6 variables given their centrality to 
the critical constructs of interest in this article: cerebellar 
activation; tapping variability and force; Digit-symbol as 
a measure of visuomotor coordination and processing 
speed (ie, Digit-symbol task); and the PANSS standard 
negative subscore and disorganized factor score63 to 
assess severity of psychopathology.
Results
Behavioral Findings
Individuals with schizophrenia exhibited shorter ITIs 
[t(46.396) = 2.151, P =  .037, d = 0.562] and more vari-
able tapping [t(53) = −2.414, P = .019, d = 0.655] during 
continuation only compared with controls (table 2). The 
Table 2. Behavioral Analyses
ITI Mean (ms) CV
Synchronization Continuationa Synchronization Continuationa
HC (N = 24) 478.41 (26.77) 509.22 (26.85) 0.1036 (0.034) 0.080 (0.046)
SZ (N = 31) 476.09 (37.10) 485.50 (53.29) 0.1173 (0.042) 0.110 (0.045)
Force Mean CV
Synchronizationa Continuationa Synchronization Continuation
HC (N = 24) 703.3 (357.7) 666.2 (355.9) 0.481 (0.148) 0.487 (0.142)
SZ (N = 31) 1146.4 (536.0) 1123.0 (551.3) 0.500 (0.197) 0.462 (0.162)
W-K Mean
Motora Clockb Totala Ratio (motor/clock)
HC (N = 16) 1359.9 (783.1) 4215.6 (2457.1) 5575.5 (3239.7) 0.756
SZ (N = 25) 2179.0 (1468.1) 6671.9 (4450.2) 8850.9 (5917.9) 0.754
Note: Coefficient of variation (CV) = standard deviation/mean; ITI, intertap interval; W-K, Wing-Kristofferson; HC, healthy control; 
SZ, schizophrenia spectrum.
aSignificant difference between groups.
bTrending difference between groups.
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schizophrenia group tapped with greater force in the syn-
chronization [t(52)  =  −3.667, P < .005, d  =  0.972] and 
continuation [t(51.518)  =  −3.720, P < .005, d  =  0.985) 
portions of the task. No group differences were observed 
in variability or coefficient of variation of tapping force 
(table 2).
Increased total tapping variance was observed in 
schizophrenia compared with controls [t(39)  =  −2.022, 
P  =  .050]. When total variance was decomposed into 
clock and motor variance using the W-K model the schiz-
ophrenia group had significantly higher motor variance 
[t(39) = −2.321, P = .026, d = 0.696) and a trend toward 
higher clock variance [t(39) = −2.014, P = .051, d = 0.683] 
compared with controls. Clock variance was higher than 
motor variance for both groups; the ratio of clock to 
motor variance did not statistically differ between diag-
nostic groups, with clock variance accounting for approx-
imately 75% of the total (table 2).
Functional MRI Findings
Whole brain analyses were corrected to family-wise 
error (FWE) rate P <.05 with an extent threshold of 20 
voxels (2  ×  2  × 2  mm3). Whole brain analysis revealed 
significant BOLD activation of M1 during the synchro-
nization compared to rest portion of the task (figure 1; 
table 3). During continuation, the cerebellum, thalamus, 
supplementary motor area,27 putamen, and inferior pari-
etal cortex were also significantly activated compared to 
rest periods. Significant activation in the cerebellum was 
observed in lobules identified in both “motor” (IV, V, and 
VIIIa) and “cognitive” (VI) cerebellar regions (cf,40,64). 
No group differences were found between SZ and HC re-
garding whole-brain activation.
Effective Connectivity
In the first path analysis model (figure  2A) evaluating 
connections between the cerebellum and M1 directly or 
through the thalamus, the path fit between the cerebel-
lum and M1 was significantly decreased in the SZ group 
(χ2 = 7.262, P = .007). There were no significant differences 
in cerebellum–thalamus or thalamus–M1 paths between 
groups (figure 2A). A model of the groups in which the 
nonsignificant cerebellum–thalamus and thalamus–M1 
paths are constrained (ie, set equal) between groups exhib-
its good fit of the data (χ2 = 3.464, P =  .177, compara-
tive fit index [CFI] = 0.963, Bollen’s parsimonious fit index 
[BFI] or incremental index of fit [IFI] = 0.966). The second 
model (figure  2B) evaluating a loop between cerebellum 
and thalamus and putamen revealed significantly increased 
connectivity between cerebellum and thalamus in the 
schizophrenia group (χ2 = 4.042, P = .044). No significant 
group differences were observed in thalamus–putamen or 
putamen–cerebellum paths. Good model fit was observed 
when nonsignificant thalamus–putamen and putamen–cer-
ebellum paths are constrained between groups (χ2 = 1.280, 
P = .527, CFI = 1.000, BFI/IFI = 1.020).
Fig. 1. Task activation for a contrast of continuation tapping minus rest periods for HC (left, N = 40) and SZ (right, N = 31). Color 
bar represents t-value for activation (FWE corrected P < .05, extent threshold 20 voxels (2 × 2 × 2 mm3). FWE, family-wise error; HC, 
healthy control; SZ, schizophrenia spectrum.
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Exploratory Correlations of Neural Activation With 
Cognitive and Symptom Measures
In the schizophrenia sample, PANSS negative symptom 
scores were inversely correlated with tapping force during 
synchronization (r = −.454, P = .010) and continuation 
(r = −.434, P = .015). PANSS disorganized factor scores 
were inversely correlated with continuation tapping force 
(r  =  −.385, P  =  .043). Digit-symbol scores negatively 
correlated with cerebellar activation (continuation-rest 
contrast) (r = −.487, P = .022) in the nonpatient control 
group only.
Discussion
The present study was the first to examine the cerebel-
lum’s role as a temporal pacemaker driving M1-generated 
motor behavior during tapping continuation of a cere-
bellar-dependent sensorimotor synchronization task, 
using effective connectivity analysis in persons with 
schizophrenia spectrum disorders. As predicted, SZ was 
associated with aberrant connectivity in the cerebellar-
thalamocortical and cerebellar-thalamo-basal ganglia 
loops. Moreover, individuals with schizophrenia exhib-
ited temporal dysfunction indicated by faster and more 
variable tapping. Contrary to predictions, no differences 
in whole-brain activation during the task were observed, 
suggesting aberrant functional connectivity as a source 
of the group differences in sensorimotor timing.
Consistent with the only other previous report of sen-
sorimotor synchronization in schizophrenia,41 impaired 
timing was observed in SZ. Specifically, shorter and more 
variable ITIs were observed during the continuation phase 
(table 2). These findings are consistent with suggestions 
that individuals with SZ have a sped up internal clock, 
which has been associated with hyper-dopaminergic 
states.65 Moreover, timing deficits in schizophrenia may 
Note: Bold coordinate values indicate extracted voxel of interest (VOI) coordinates for path analysis; SMA, supple-
mentary motor area.
ax-Coordinate differentiates the left and right hemispheres of the brain, with positive values indicating the right (ipsilat-
eral to the tapping hand) hemisphere and negative values indicating left (contralateral to the tapping hand) hemisphere.
bKE is the cluster size, or number of voxels contributing to the area of activation meeting FWE P <.05 threshold criteria.
Table 3. Whole Brain Analysis Activation Coordinates and Cluster Size
Healthy Control (N = 40) Schizophrenia Spectrum (N = 31)
xa y z kE
b xa y z kE
b
Synchronization
 Primary motor cortex −32 −26 56 862 −32 −30 58 508
 Supplementary motor area −6 −2 54 84
 Premotor cortex −58 6 30 26
 Auditory cortex −44 −28 8 58
 Occipital cortex −32 −88 −10 30
38 −84 −8 61
 Striatum −24 10 −6 102
Continuation
 Primary motor cortex −34 −26 56 4163 −40 −22 46 2112
 Finger 60 8 20 100
 Supplementary motor area −4 −8 50 431
4 0 64 725
 Premotor cortex −10 −22 48 47 −56 4 26 156
66 −30 18 69 60 −30 20 47
54 −2 46 160 54 2 44 113
56 8 24 88
 Somatosensory −50 −24 18 703
56 −16 20 22 54 −18 20 59
 Thalamus −14 −20 2 — −14 −20 6 394
 Putamen 22 6 0 202 24 0 0 103
 Cerebellum −28 −60 −22 128 −24 −58 −20 49
12 −52 −18 1965 18 −52 −18 1300
12 −64 −46 392
 Insula −28 24 10 34 −40 0 2 1135
48 12 0 453 40 2 8 203
 Occipital cortex −16 −98 −2 377
26 −96 10 334 32 −92 8 80
10 −88 −10 44 16 −88 −16 63
 Cingulate 6 18 30 33
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be associated with, and contribute to, widely observed 
impairments of learning, memory, and perception in the 
disorder.66 For example, a meta-analysis showed that se-
lect neural regions—putamen, inferior parietal cortex, 
insula—were activated during both interval timing and 
cognitive (ie, working memory, executive functioning) 
tasks.67 Finally, timing deficits have been associated with 
errors in misattribution, self-monitoring, and top-down 
processing, leading to hypotheses that timing deficits may 
underlie hallucinations.68
The major new finding from the current study was that 
individuals with schizophrenia showed aberrant effec-
tive connectivity between cerebellum and M1 (figure 2A) 
during task performance compared with controls. In 
this statistical path model, allowing cerebellum to func-
tionally co-vary with M1 and thalamus, it is interesting 
that functional covariation in controls shows increased 
cerebellum–M1 association compared with cerebellum–
thalamus given that anatomically these regions are con-
nected via thalamus. Assuming cerebellum provides a 
pacemaker signal, the functional co-variation should 
be highest between cerebellum (source of temporal co-
ordination signal) and M1 (source of motor tapping 
execution), where activation may be more relevant to 
cerebellar oscillations than modulatory processes occur-
ring elsewhere in the circuit. Aberrations in this path in 
the SZ group point to impairments synchronizing the 
cerebellar-generated pacemaker signal and motor output 
processed in M1 (evidenced by a weaker cerebellum–M1 
relationship in SZ), thereby producing inaccurately timed 
behavioral responses. Alternatively, the cerebellum may 
be sending improper timing signals to M1 via the thal-
amus. Accordingly, a second possible explanation is that 
connectivity deficits within the basal ganglia (figure 2B) 
are structurally hindering cerebello-cerebral associations 
(evident from weaker thalamus–putamen and putamen–
cerebellum connections in schizophrenia), disrupting co-
incidence detection. Increased activation in the SZ group 
between cerebellum and thalamus (figure  2B) may rep-
resent an attempt to compensate for the failure of the 
thalamus to engage in other regulatory processes, thereby 
increasing its association with the cerebellum during this 
active, highly cerebellar task.
Broadly, these findings are consistent with the theory 
that in SZ the cerebellum and its associated temporal pro-
cessing regions (ie, basal ganglia) fail to play their usual 
coordinative roles within the CCTCC. These results com-
plement recent findings of aberrant cerebello-cortical 
Fig. 2. Unstandardized path coefficients for 2 models of interest (thick arrow = increased effective connectivity in SZ [schizophrenia 
spectrum; right side] compared to HC [healthy control; left side]; dotted arrow = decreased effective connectivity in SZ compared to HC). 
HC, healthy control; SZ, schizophrenia spectrum. *Significant group difference for indicated path.
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and cortico-striatal connectivity in schizophrenia. For 
example, abnormalities in cerebellar-cortical connectiv-
ity were recently found in clinical high-risk and early 
schizophrenia groups,39,69 unaffected siblings,70 and indi-
viduals with schizophrenia during a working memory 
task.71 Further, disrupted cerebellar-thalamic functional 
connectivity and fractional anisotropy relationships in 
schizophrenia are associated with decreased cerebellar-
cortical function connectivity and integrity.72 Moreover, 
abnormal resting-state functional connectivity between 
the cerebellum and motor cortex in schizophrenia was 
recently linked to abnormal spontaneous motor activ-
ity,73 which together with the present findings may suggest 
a mechanism underpinning increased motor variability 
observed during sensorimotor synchronization tasks.
The fact that the schizophrenia and control groups 
did not differ in whole-brain BOLD activation suggests 
that it is not the nodes in the network that are impaired 
per se; rather it is the connectivity between those nodes 
that are impaired during task performance. For example, 
as predicted, whole-brain analysis exhibited significant 
activation of M1 during synchronization in both groups 
as well as activation of M1, the cerebellum, thalamus, 
putamen, and other regions (figure 1, table 3) known to 
be associated with motor timing.11–13,42,74 Activation of 
these regions during continuation tapping suggests that 
substantial cross-region communication is necessary for 
integrating the tapping “motor” component (ie, M1 iden-
tified during synchronization) and the timing “clock” 
component (ie, recruitment of cerebellum, thalamus, and 
basal ganglia during continuation) of the task. However, 
as shown by Kim and colleagues,28 schizophrenia is asso-
ciated with a disruption of the modular architecture of 
the cerebellum, which could result in unusual patterns 
of cerebello-cerebral connectivity. Taken together, this 
suggests aberrant organization and connectivity between 
cerebellum and cerebrum in schizophrenia, rather than 
impaired cerebellar functional integrity alone, during 
sensorimotor synchronization.
Increased tapping force in the SZ group may indicate 
deficits in sensorimotor feedback (ie, decreased integra-
tion of proprioceptive input) or differences in mechanical 
tap execution in the schizophrenia group, both of which 
may suggest further impairment within the CCTCC. 
A negative correlation, accounting for 21% of the vari-
ance between tapping force and negative symptoms 
assessed by the PANSS, points to a testable hypothesis for 
future studies. Specifically, decreased motor engagement 
(ie, force) in this task is associated with increased nega-
tive symptoms. In fact, motor dysfunction in the form of 
akinesia is significantly positively correlated with nega-
tive symptoms in schizophrenia,67 including drug-naïve 
patients.43,44 Likewise, force in the continuation condition 
was correlated with PANSS disorganized symptom fac-
tor scores. Such relationships between motor75 or senso-
rimotor76 abnormalities and PANSS disorganized factor 
scores have been previously observed in schizophrenia 
patients. Moreover, though not observed in the cur-
rent study, it has been shown that accelerated tapping is 
negatively correlated with PANSS negative symptoms.15 
Interestingly, studies have observed a positive correlation 
between negative symptoms and increased M1-striatal 
connectivity.77 Altogether, these findings underscore the 
association of motor aberrations and symptomology in 
schizophrenia.
Other exploratory analyses indicated that cerebellar 
activation was positively correlated with Digit-symbol 
performance in the HC group only (accounting for 24% 
of shared variance in controls vs 7% in SZ). Due to their 
exploratory nature, these correlations should be inter-
preted with caution, but suggest the testable hypotheses 
that the cerebellum plays a coordinative role in visuomo-
tor performance, which is impaired in SZ.78
There are limitations and potential confounds that war-
rant consideration and further study. First, the use of 
antipsychotic medications, most of which alter dopamine 
signaling, in the schizophrenia group may have affected 
the current findings. It is well-established that increases 
in dopamine, particularly within basal ganglia, can alter 
movement and timing.13 However, any anticipated effects 
of dopamine blockers would have been to slow the “inter-
nal clock,”79,80 rather than accelerate it; thus, the present 
study may have underestimated clock speed. Alternatively, 
antipsychotic use could be responsible for connectivity or 
downstream neural signaling aberrations within dopamine-
rich subcortical structures (cf,81). Medication assessed by 
chlorpromazine-equivalent doses82 was not correlated with 
behavioral or neuroimaging measures in the current study 
(supplementary material). Nonetheless, assessing senso-
rimotor synchronization in a medication-naïve population 
of individuals with schizophrenia or unaffected first-degree 
relatives would be informative. Second, groups significantly 
differed on cognitive functioning (table 1). Though cogni-
tive deficits are common in schizophrenia, intelligence 
alone has been shown to account for upwards of 15% of 
the variance on a sensorimotor synchronization task in 
healthy individuals.83,84 Differences in IQ may be associated 
with core differences in timing ability or strategies, which 
may be reflected in these group differences independent of 
diagnostic status. Third, the effective connectivity models 
evaluated in this study were limited by their unidirectional-
ity. Anatomical tract tracing studies indicate that many of 
these regions are bidirectionally connected; ie, they form 
closed-loops as opposed to sending information exclu-
sively in one direction.22 Fourth, the correlational analy-
ses, while theoretically guided, were exploratory and must 
be replicated in subsequent studies. Finally, sample size 
limited the number of variables that could be included in 
the path analysis and precluded the use of other analyses 
(ie, dynamic causal modeling); therefore, it was not pos-
sible to study a larger, more realistic functional-anatomical 
circuit of the behavior. Larger sample sizes would allow 
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more power to detect relationships between multiple brain 
regions simultaneously, and more extensive examination 
of symptom correlates.
Conclusions
This is the first study to investigate the potential neural 
source of sensorimotor synchronization behavioral defi-
cits in a schizophrenia population. As predicted, indi-
viduals with schizophrenia exhibited accelerated, more 
variable timing during sensorimotor synchronization. 
These deficits appeared to be associated with aberrations 
in cerebellar-cortical (M1) and cerebellar-subcortical 
(basal ganglia and thalamus) effective connectivity. These 
findings are consistent with conceptualizations of schizo-
phrenia as a dysconnectivity syndrome, and they directly 
implicate the cerebellum in a fundamental coordinative 
process that has been hypothesized to be a cardinal fea-
ture of schizophrenia (cf, Andreasen’s cognitive dysmet-
ria model and Bleuler’s “fragmented phrene”1,3).
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